A microscopic, ultrastructural, and morphometric study was made of the gills of tench (Tinca tinca, L.) subjected to acute experimental lead nitrate poisoning. Twenty-one adult tench were subjected to poisoning and a further 22 were used as controls. Lesions were characterized by the appearance of edema and epithelial hyperplasia and necrosis, both in cells fonning part of the filtration barrier and in those in the interlamellar space. These processes developed in the course of the experiment, leading to the death of tench after 12 to 15 days of exposure to 75 ppm lead nitrate, at which point the concentrations of lead in the gills had reached their maximum.
Introduction
Lead, one of the highly toxic heavy metals, is being found in increasingly high amounts in living matter, in both marine and terrestrial ecosystems, largely due to the continuous and increasing pollution of the environment by industrialized regions all over the world.
The abundant sources of environmental pollution involving lead include fumes from combustion engines, the dumping of industrial waste, the use of lead piping for water sup- plies, and the use in the past of lead-based paints. This pollution gives rise to the progressive accumulation of lead compounds in the aquatic environment (1) (2) (3) (4) (5) (6) (7) (8) .
The gills by which teleosts oxygenate their blood are highly suitable in their orientation and morphology, a large surface area being exposed to a constant flow of water that moves in the opposite direction to the flow of blood in that area. The secondary lamellae are in constant and direct contact with the water and are thus highly sensitive to any change in water condition or composition (9) . Such changes directly affect gill structure (10) and ultimately affect the whole organism. Fish are therefore the most appropriate species to act as biological indicators of water pollution levels.
Although many studies have been made of lead poisoning in mammals, most deal with chronic processes, from exposure to and progressive accumulation of small quantities of lead until toxic levels are finally reached. As a heavy metal, lead has a particular affinity for gastrointestinal absorption in both mammals (11, 12) and teleosts (13, 14) . In mammals (15) , 60% of lead accumulates in bone tissue, 25% in liver tissue, and 4 to 5% in renal parenchyme, although in acute processes the highest levels are found in the liver and the kidney.
The purpose of this study was to identify the acute lesions caused by experimental lead nitrate poisoning in fish gills, specifically about structures forming part of the respiratory barrier, and to consider the possible extrapolation of the results to other animals in future investigations.
Materials and Methods
The 43 adult tench (Tinca tinca L.) used in this experiment were sacrificed as shown in Table 1 Immediately after decapitation, the gills were extracted and fixed in 5% glutaraldehyde for light and electron microscopy. Samples for structural study were processed according to routine light microscopy techniques and embedded in paraffin. Sections were stained with hematoxylin-eosin and PAS. Samples for ultrastructural study were prepared according to the methods outlined by Sabatini et al. (16) and were embedded in Durcapan (ACM).
Samples for scanning electron microscopy were fixed in 5% phosphate-buffered glutaraldehyde, placed in an aqueous solution containing 2% glycine, 2% saccharose, and 2% tannic sodium glutamate, and postfixed in 2% osmium tetroxide prior to dehydration in a graded series of acetones.
The level of lead in gills was determined in all tench from each batch by means of a quantitative analysis using atomic absorption spectrophotometry (Perkin-Elmer 380). A Vids-III semiautomatic image analyzer was used for morphometric analysis, and over 100 secondary lamellae per fish from all the different batches from were measured.
Results
Tench gill arches are composed of numerous primary lamellae ( Figs. 1 and 2 Figure 3 . Simnilarly, measurements were made of the amount of lead (mg/kg or ppm) accumulated in the gill parenchyma both for control and experimental batches. The results are shown in Table 3 and Figure 4 .
Histopathological lesions observed were common to the different batches and continued to develop until the end of the experiment. To facilitate description, the batches have been classified into four groups (Table 3 ).
Group 1
Group 1 included batches I and II, sacrificed 24 and 48 hr respectively, after the start of the experiment. Light microscopy revealed a decrease in the surface area of the secondary lamella (Fig. 3) confirmed the existence of a severe intercellular edema of the respiratory barrier, affecting both superficial and basal epithelial cells. In this area, focal retractions were observed of the basal membrane which separates it from the vascular epithelium (Fig. 7) . The cytoplasm of respiratory epithelial cells, though not particularly electron dense, contained highly developed lysosomes. Small cytoplasmic protrusions, in the form of microvilli, were found in the free apical border. In the earlier batches, these protrusions were generally coated with abundant, fine, highly electron-dense granular material (Fig. 7) . Accumulated lead concentration in gills during the first 2 days of the experiment reached 33.2 mg/kg (Table 3 ).
Group 2
Group 2 was composed of batches III and IV, sacrificed 4 and 7 days, respectively, after the start of the experiment. Though the average surface area of secondary lamellae in these batches was smaller than that of controls (Fig. 3) , it had risen slightly with respect to batch II.
Light microscopic analysis showed a continuation of the edema in the secondary lamellac, and the beginning of a marked epithelial proliferation both in the lamellae and within the interlamellar space itself (Fig. 6) , where small areas of necrosis had begun to appear.
Ultrastructural examination confirmed the lamellar edema already observed in group 1, together with the disorganization of the basal membrane. Small areas of necrosis were observed in the cytoplasm of respiratory epithelial cells (Fig.  8) , and interlamellar epithelial chloride cells (Fig. 9) . Necrotic areas contained electron-dense granular material of undefined morphology. Numerous necrotic foci (arrows) throughout the filament. Interlamellar epithelial cells also contained highly electrondense spherical vacuoles occupying part of the cytoplasm. Chloride cell nuceli contained scant euchromatin, and nucleolar segregation was observed (Fig. 10) . The concentration of accumulated lead in gills after 7 days had risen progressively to 53.2 mg/kg (Table 3) .
Group 3
Group 3 consisted of tench from batch V, sacrificed 9 days after the start of the experiment. The mean surface area of the secondary lamellae in this group was similar to that of group 2 (Table 2 ), but the concentration of accumulated lead after 9 days had reached 140 mg/kg ( at 12 and 15 days, respectively, after the start of the experiment. Although the mean surface area of secondary lamellae was smaller than controls, it was somewhat larger than in previous batches, reaching 826.8 Am in the last batch.
Lesions at this stage, however, were so severe that they proved fatal to one tench from each of these batches.
Structural examination revealed fusion and partial necrosis of secondary lamellae (Fig. 11) and maximum proliferation of epithelial cells both in secondary lamellae and in the interlamellar space, totally covering the respiratory barrier (Fig.  12) . Maximum necrosis was also reached in these batches (Fig. 13) .
Scanning electron microscope analysis confirmed the capillary lumen, and in some cases forming considerable intracytoplasmic aggregates (Fig. 18) .
In the final stages of the experiment, a marked uniform heterophil infiltration of the interlamellar space was observed (Fig. 19) . The cytoplasm of these cells contained characteristic ellipsoid granulations and fine, electron-dense granular material scattered throughout the cell. The accumulated concentration of lead in the gills of tench sacrificed 15 days after the start of the experiment rose progressively to 200 mg/kg, although in batch VI a slight fall took place with regard to the previous batch (Table 3) .
Discussion
Gill lesions in tench subjected to experimental lead nitrate poisoning are characterized primarily by marked hyperplasia of epithelial cells in the secondary lamella and the interlamellar space and by severe necrosis in both structure. fusion of secondary lamellae (Fig. 14) and the subsequent disappearance of the secondary branchial filament (Fig. 15) . Ultrastructural examination showed epithelial proliferation and severe necrosis (Fig. 16 ) in both epithelial and chloride cells at apical and basal positions in the interlamellar space. Mucous cells were apparently not affected, although abundant, electron-dense granular material was observed in muscle cells adjacent to the interlamellar space (Fig. 16) . The endothelium of blood capillaries contained numerous cytopemsis vesicles and fine, electron-dense granular material (Fig. 17) spreading as far as the erythrocytes of the Although intranuclear or intracytoplasmic inclusions have been reported in kidney and liver of both mammals and fish subjected to acute lead poisoning (11, 12, (17) (18) (19) (20) , no such findings were made in tench gills. Electron microscopy, however, revealed abundant, fine, electron-dense granular material (21) , which may constitute the initial stages of formation of inclusions.
The primary lesion in secondary lamellae was a severe edema detectable from the start of the experiment. The edema was located prncipally in the distal third of the lamella, FIGURE 17 . Batch VI. Gil capillary. Erthrocyte (E), vascular endothelium (En) with numerous cytopemsis vacuoles (c) and fine lead particles in the endothelium and the capillary lumen (arrowheads). although other authors (22) report a clearly basal location. Epithelial hyperplasia was noted as length of time exposed to lead increased in the experiment, accompanied by increasingly severe cell necrosis, evident from the start in the number of lysosomes, auto-phagosomes, and heterophagosomes. This may be attributed to the direct action of lead on cell membranes, giving rise to increased fragility (15) . Massive mucous hyperproduction (23) was not observed at any stage of this experiment.
Lesions observed in secondary lamellae of the gills at all stages of the experiment resembled those reported by other authors (22) (23) (24) in similar processes, although in this experiment the location of lesions was not always the same.
Edema, epithelial hyperplasia, and necrosis gave rise to acute respiratory distress. This, coupled with the reduction in surface area of the respiratory barrier of the secondary lamellae, observed throughout the experiment, and the inhibition of enzyme mitochondrial transport systems (24, 25) , led to the inevitable death of the fish.
Fine, electron-dense granular material observed in the extracellular space and adhering to the respiratory barrier in the earliest batches spread to the cytoplasm of various cell types in the course of the experiment. References to this material have not ben found in the literature consulted, although similar structures have been reported in nephron tubular epithelium in an identical experiment (21) . It is felt that these structures are lead particles because of their capacity to form precipitates with carboxyl-rich protein (20) .
As in similar processes, the multilayered epithelium of the interlamellar space was also affected (20, 22, 24, 25) .
Necrosis was observed over the latter half of the experiment, becoming severe in the last batch. Epithelial and chloride cells were the worst affected; cytoplasmic organelles were in disarray, and a large number of lysosomes and electron-dense vacuoles (21) were evident. These structures specifically store large amounts of heavy metals such as mercury and zinc (11) , although in this case they are felt to be a clear indication of cell degeneration.
No appreciable differences were noted in cell electron density (24, 25) , which was more a function of the degree to which cells were affected. Lead causes cell hyperactivity, with the resulting proliferation of chloride cells and a substantial increase in ion exchange (25) , leading subsequently to degeneration and necrosis of cell elements, and a severe alteration in the osmotic regulation of the internal medium. These cells, together with nephron tubular epithelial cells, are responsible for maintaining the base-acid balance in the internal medium. Toward the end of the experiment, the interlamellar epithelium was infiltrated by heterophilic blood cells (23) . Cytoplasm contained fine, electron-dense granular material, similar to that observed in other areas, which is considered to be a direct cause of cell necrosis (21) . It is felt that the presence of this granular material may be due to the phagocytic capacity of these cells, which appear when the lead concentration is at its highest point (Fig. 9) .
In conclusion, it may be stated that tench gill lesions caused by experimental lead poisoning include hyperplasia and necrosis of epithelial cells in both the respiratory barrier and the interlamellar space. Those processes appeared 24 to 48 hr after administration of the lead nitrate, and at 9 days were completely developed, causing the death of tench in the last batches. The progressive severity of lesions to the gill was a function of lead concentration in different batches, lesions becoming more severe as accumulation increased (26), though not proportionately so.
Like other heavy metals, lead is manifestly accumulative and cannot be excreted. Therefore, the consumption of species that have already accumulated quantities of lead into their structures leads to higher rates of lead pollution, which continue to rise further up the food chain, reaching their maxima in predators.
